Background: Preterm delivery has a variety of causes, with each of these presumably carrying its own mortality risk. To the extent that they add to the risk of mortality, the various pathologic factors triggering preterm delivery will confound the causal contribution of gestational age to mortality, inflating the observed rates of gestational-age-specific mortality. We have previously estimated that about half of the mortality of US preterm singletons may be due to unmeasured pathologies that increase mortality risk and also cause preterm birth. In this paper, we examine the impact that rare factors may have, at least in theory, on preterm mortality.
P reterm birth has been described as a "syndrome," 1 given that several paths, mostly pathologic and often unmeasured, can lead to early birth. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] This heterogeneity of causation implies that the mortality risk faced by preterm babies will also be heterogeneous: mortality depends on both the processes leading to preterm birth and the level of fetal maturity achieved at the time of birth (and on the interaction of these). Despite the clinical evidence for such heterogeneity, epidemiologists generally lack the information necessary to address this biologic complexity. Preterm birth is thus often examined either as a single dichotomous outcome or as clinical categories that are unlikely to reflect homogeneous etiologic entities. 6 A full understanding of preterm birth has been hampered by the difficulties inherent in addressing this complexity. The heterogeneity of preterm births also results in confounding of the causal contribution of gestational age (as a proxy of immaturity) to mortality. This leads to gestational-age-specific mortality rates that overestimate the "true" effect of gestational age (and that exaggerate the projected benefits of preventing early birth).
The above argument is analogous to that made for the relation between low birth weight and mortality. It has been shown that, at least in principle, rare factors with large effects could produce a substantial gradient of mortality with lower birth weights even if birth weight itself had no causal effect. 11, 12 It is almost certain, however, that preterm delivery (which results in the birth of a physiologically immature baby) has a direct causal effect on mortality. We have previously estimated that immaturity alone may contribute only about half the neonatal mortality of singleton babies born preterm, leaving the rest to the pathologies that cause both preterm delivery and elevated mortality. 13 Here we present a simple model to explore the extent to which rare factors that increase mortality and cause early delivery might contribute to preterm mortality. Given that the causal effect of gestational age on mortality is unknown (and unknowable, for all practical purposes), we do not attempt to reproduce empirical gestational-agespecific mortality curves. Instead, we arbitrarily choose a function to represent the set of "baseline" week-specific mortality rates (the mortality rates that would be observed if healthy fetuses were randomly delivered). Starting with this function and a few simple assumptions, we add hypothetical "unmeasured" confounding factors (pathologies) and calculate the proportion contributed by these factors to preterm mortality. We further show how the hypothesized conditions can produce an intersection of gestational-age-specific mortality curves, as seen, for example, when comparing the mortality of singletons and twins, or of babies with and without pre-eclampsia. 9,14 -16 
HOW UNCONTROLLED CONFOUNDING CAN DISTORT THE CAUSAL EFFECT OF GESTATIONAL AGE ON NEONATAL MORTALITY
We expand the model proposed by Basso et al for birth weight 11, 12 to allow for an underlying causal effect of gestational age on neonatal mortality. Conditions of the model follow.
1. All babies are assigned a "target" gestation (ie, a natural duration of pregnancy in the absence of any perturbing factor). The distribution of target gestation is assumed to be normal, with ϭ 280 days and ϭ 10 days. 2. We define a baseline mortality function that represents the risk of neonatal death faced by a healthy fetus if it were randomly delivered at a given gestational week from 24 to 45 weeks. The risk is expressed by the following quadratic function ( Fig. 1) :
where, p(M) represents the probability of death z, and the week of gestation at birth in standardized units, with 0 ϭ 40 weeks (shown in weeks in the figures and tables). The coefficients a, b, and c are Ϫ8, Ϫ0.15, and 0.036, respectively (mortality rates are calculated at midweek, from 24.5 to 45.5 weeks).
3. We introduce 3 "pathologies" as confounding factors. Factor 1 affects only 0.6% of births but has strong effects, shortening gestation by 50 days (thus increasing mortality due to immaturity), and also directly increasing mortality with an odds ratio (OR) of 8.0. Factor 2 is more common but weaker: it affects 4% of births, shortens gestation by 35 days, and increases mortality with an OR of 1.5. Factor 3 is similar to Factor 1, but with a direct effect on mortality that varies with gestational age (starting with an OR of 4.0 at 24 weeks, and increasing by 30% for each additional week that the fetus remains in utero). Figure 1 shows the week-specific mortality risk of babies with no pathology (baseline), babies with only Factor 1, babies with only Factor 2, and babies with only Factor 3. (The arrows indicate the gestational age by which approximately 99% of the babies in each group are born). 4. We consider the effects of these unmeasured pathologies 2 at the time (the weak factor and either of the strong factors; Fig.  2 ). These pathologies are modeled to occur and act independently of each other, with no interaction between immaturity and pathology. At each gestational week, the observed mortality rates reflect a mixture of healthy babies (whose mortality risk is represented by the baseline) plus some proportion of babies with the unmeasured pathologies. Because these groups differ in their distribution of gestational ages at birth, the specific mix of healthy and pathologic births varies across gestation. This varying mix strongly affects the observed mortality at a given week. Figure 3 shows the gestational-age-specific mortality in 3 scenarios: no unmeasured pathologies (baseline only); baseline population mixed with babies with Factor 1 and Factor 2; and baseline population mixed with babies with Factor 2 and Factor 3. (It is possible for a given baby to be independently affected by both factors.) With the addition of unmeasured confounders, the preterm baseline rate becomes unobservable. The unmeasured confounders substantially increase the mortality risk at any given preterm week (eg, at week 24.5, the mortality risk goes from 12% without Factors 1 and 2 to 62% with them). These confounders also raise the rate of both preterm birth (from 1.8% to 6.0%) and total mortality (from 0.35 to 0.54 per 1000 births). The introduction of Factor 3 instead of Factor 1 yields an overall 
THE CONTRIBUTION OF PATHOLOGY TO TOTAL AND PRETERM MORTALITY
The introduction of confounding factors increases mortality in 2 ways. One is via a direct effect (determined by the assigned odds ratio). The other is indirect, through earlier delivery. To determine the proportion of mortality due to the direct effect of pathology, we first calculated total mortality in populations of babies exposed to the effect of one or more of the unmeasured factors. Next, we removed the effect on direct mortality of the pathologic factor (setting its OR to 1.0) and calculated its indirect contribution to mortality through earlier birth only. One minus the ratio of indirect mortality to total mortality yields the proportion of mortality due to the direct effect alone. We performed this calculation for each of the 3 factors individually and in all combinations ( Table 1) . We repeated the calculations for mortality among preterm births only.
Total and preterm mortality in the absence of unmeasured confounding is shown in the first row. Adding Factor 1 (row 2) increases mortality, particularly among preterm babies. Its direct effect explains 19% of total mortality and 79% of the mortality among preterm babies (Factor 1 affects 25% T indicates a measured exposure that shortens gestation by 20 days. a The proportion of mortality due to pathology is calculated by subtracting the mortality when all ORs are 1.0 from the observed mortality calculated with the original OR, divided by the observed mortality (and multiplied by 100). The estimates in the table are based on mortality rates calculated at the midpoint of each gestational week in the interval 24.5-45.5. The proportion of preterm birth is estimated based on the cumulative proportion of babies born from 24.0 to 37.0 weeks. b Number of days that gestation is shortened. c The quantity in parenthesis reflects by how much the OR increases at each additional week that the fetus remains in utero. OR indicates odds ratio. of preterm births and virtually all births before 33 weeks). Factor 2 alone (row 3) contributes a much smaller portion to preterm and total mortality, despite the fact that it affects 68% of preterm births (and virtually all births before 33 weeks). The smaller impact of Factor 2 on mortality reflects its modest odds ratio. The effect of Factor 3 alone (row 4) is stronger than that of Factor 1, due to its rapidly increasing OR (the proportion of preterm babies with Factor 3 is the same as for Factor 1). In the combinations that include Factor 2 and either Factor 1 or Factor 3 (row 5 and 6), the proportion of mortality due to pathology is substantial (with Factors 1 or 3 each contributing about 10% of all preterm babies and 47% of babies born before 33 weeks). When all 3 factors are present (row 7), pathology alone accounts for 58% of total mortality and 87% of preterm mortality. We explored the sensitivity of these estimates to the prevalence of the factors, first by halving the prevalence of Factors 1 and 3, and then by doubling the prevalence of Factor 2. In both situations, more than half of preterm mortality is caused by the direct effect of one or both of the rare but dangerous factors. Additional tables in the eAppendix (http://links.lww.com/EDE/A465) show how these proportions vary when modifying the effect of the pathologies on mortality (eTable 1) or on gestational age (eTable 2). The contribution of Factors 1 and 3 to the mortality of preterm infants falls below 50% in some of the scenarios where the OR was halved, but never below 39%. The factors' relative contribution to overall mortality was, however, substantially reduced in most of these scenarios.
HOW UNMEASURED CONFOUNDING CAN LEAD TO INTERSECTING GESTATIONAL-AGE-SPECIFIC MORTALITY CURVES
We now add T, a measured exposure that shortens gestation by 20 days (similar to the mean difference in gestational age between singletons and twins). This shift results in a preterm birth rate of 46% among T babies (compared with Ͻ2% in the non-T population). In the absence of any other factor that causes both preterm birth and mortality (and ignoring the possibility that T reduces mortality), there are 2 possibilities for the effect of T on mortality:
A. T has no direct effect on the risk of death. In this case, the gestational-age-specific mortality curves of non-T and T babies will (by definition) be identical (Fig. 4A ). Even so, the observed total mortality of T babies will be increased because more T babies are born early (the observed OR of mortality among T births is 1.61 compared with non-T births). B. T directly increases mortality. We assign T an OR of 1.7, applied to the baseline risk of immaturity. This results in the mortality for T babies being higher than that of non-T babies at each gestational age (Fig. 4B) . The observed OR of mortality due to T is now 2.74, combining the direct effect of T on mortality with immaturity.
Consider scenario B. If we now add the unmeasured Factors 2 and 3 (which affect T and non-T babies equally, so that all factors act independently of each other), the mortality curves will intersect (Fig. 5 ). This happens because, at any given preterm week, Factors 2 and 3 are more prevalent in non-T than in T babies. (The curves would also intersect if we added Factor 1 instead of Factor 3.)
For intersection to occur, it is necessary for at least one of the unmeasured factors to confer a direct mortality risk higher than that conferred by T. Under these conditions, non-T babies will have higher mortality at certain preterm gestational ages because their early birth will more frequently have been caused by a more severe underlying cause than T (Factor 3). (If T did not directly increase mortality, as in scenario A, the intersection would be even more pronounced.) Table 2 provides the composition of T and non-T births at 3 specified times. For example, among births on day 238, 85% of T babies have no additional pathology. In contrast, 99% of non-T babies have Factor 2 or Factor 3. (A detailed discussion of the table is provided in the eAppendix, http://links.lww.com/EDE/A465.)
DISCUSSION
Pathologic factors that reduce duration of gestation and increase mortality risk can profoundly affect gestational-agespecific mortality risk, producing a much higher empirical mortality risk at early gestations than that caused by gestational age. Factors with a strong direct effect on mortality can, in theory, account for most of the mortality of preterm babies, even when those factors are rare (Ͻ1%). Thus, pathology (directly or through interaction with immaturity) could easily be a much more important determinant of preterm mortality than early birth-even when affecting a minority of all preterm births. We based our model on an arbitrary "baseline" mortality curve and simple assumptions about confounding factors. We did not try to reproduce an empirical mortality curve, because we do not know the true baseline effect of immaturity on mortality or the true effects of putative confounding factors that might cause preterm birth and mortality. The scenarios presented here merely provide a proof of principle.
Our previous estimate that pathology contributed almost half of preterm mortality was based on empirical data (US babies born between 1995 and 2002), after identifying preterm babies that could be considered relatively "healthy." Given that such data did not allow identification of truly "healthy" preterm births, we considered this proportion to be an underestimate of the true contribution of preterm pathology. 13 The theoretical scenarios presented here support this conclusion.
To some extent, the situation with gestational age mirrors what has been shown for birth weight, 11 where a rare, potent, and unmeasured confounder was able to replicate the observed relation of birth weight with mortality when birth weight was assumed to have no direct effect on mortality. The important difference is that gestational age is allowed to have a causal effect on mortality (through immaturity). Still, the underlying principles are the same. In both the birthweight and gestational-age examples, mortality curves can intersect as a consequence of unmeasured factors, 12 a manifestation of collider-stratification bias. 17, 18 Jobe 19 argues that certain pathologies leading to preterm birth may in themselves accelerate lung maturation of very preterm babies, thus making their survival chances better than those of a healthy baby born at the same gestational age. Stress, selective survival, or other mechanisms 20 -25 have been proposed to explain how high-risk babies may have better survival than "normal" babies when born at low gestational ages. 9,14 -16 Our explanation (of unmeasured confounders being more frequent among preterm births) is supported by a recent paper showing that babies delivered electively between 34 and 36 weeks had lower rates of ventilation use, sepsis, and neonatal-intensive-care unit admissions than spontaneous births. 26 Elective deliveries presumably represent the relatively healthy fetuses still in utero, while babies delivered prematurely (by either an indicated medical intervention or spontaneously) are delivered because of a recognized or unrecognized problem. Our explanation is consistent with the empirical evidence and does not require the underlying causal effect of gestational age to vary between the low-and high-risk groups. It is likely, however, that a variety of mechanisms shape the risk among groups of preterm babies, with the distribution of these varying across gestational ages.
We have not considered unmeasured confounding factors that increase gestational age and also increase mortality (anencephaly, for example, acts in this way 27 ). Such confounding may explain at least part of the increased mortality of post-term babies, and could be incorporated into the model.
A further limitation is the arbitrariness of our parameters. The completely deterministic nature of the model (and the fact that we include only 2 or 3 factors) can result in oddly shaped curves or in curves that intersect several times across the gestational-age spectrum. (This is the case, for example, when adding only Factors 1 and 3, not shown). We allowed Factor 3 to increase its effect on mortality with longer gestation. This is intended to represent a uterine environment that grows progressively more hostile-a plausible scenario, 28 and often the basis for obstetric intervention. However, the manner in which we implemented this is unrealistic, as is the fact that we did not allow synergy between pathology and immaturity. We have elected this approach for the sake of simplicity and to allow virtually exact calculations. Furthermore, we believe that the principles illustrated here would hold in a more complex setting.
The heterogeneity of preterm birth is now widely recognized. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] It is not unreasonable to expect that different causes of preterm birth would have varying effects on mortality. If a substantial portion of preterm mortality (and perhaps morbidity) is due not to immaturity per se, but to the direct effects of the pathologic causes of preterm birth, the conventional cut-off of gestational age at Ͻ37 weeks may be inadequate for identifying the pathologies that account for most of preterm mortality. Focusing on very early preterm births may be more productive, as most (if not all) of those babies would have pathologic factors. Depending on the strength of their direct effects on mortality, the risk factors associated with preterm delivery as usually defined may be of limited importance. Even among the very preterm, there may not be just a single cause of early birth: several mechanisms may act in concert. (For example, intra-amniotic infection is more frequent among very early births, 29 but it may not be the only cause of early delivery of such infants). It would, perhaps, be more feasible to identify individual causes among moderate preterm births (say, 32 to 34 weeks), and then assess whether combinations of these are responsible for the very early births.
If various mechanisms can cause preterm birth, this has other implications for research. For example, some studies consider outcomes for a specific group of very preterm babies (eg, those born after preeclampsia) compared with other very preterm babies (born due to other, often unspecified, causes). The underlying-and untested-assumption is that none of the other causes of preterm birth independently causes the outcome in question. If this assumption is false (and we suggest it may well be), no etiologic interpretation of these studies would be possible.
The complexity of preterm delivery may present frustrating problems, but it is by addressing these problems that we may be able to identify the mechanisms associated with the highest morbidity and mortality among preterm babies. Considering more detailed clinical information on pregnancy and on the clinical course of preterm infants could lead to the description of new subtypes of preterm births that are vulnerable to the worst outcomes.
It is well known that confounding is a major obstacle to establishing causal links. Still, the fact that immaturity itself plays such a plausible causal role in preterm mortality risk has deflected attention from the extent to which confounding might be present with preterm birth. Our models suggest that this confounding is likely much stronger than has been appreciated, probably stronger than in many other situations (although probably not more than the confounding of birth weight). We have explored only a limited number of simple scenarios in a deterministic model with a few independently acting factors. Reality is much more complicated. The relative contribution of pathology depends on the overall set of causes of preterm birth and on the underlying "true" effect of immaturity-both of which elude our observation. Nonetheless, it appears that, if the factors causing preterm birth also have a moderate-to-strong effect on mortality, they could play an important-and as yet unrecognized-role in preterm mortality.
